The current Universe is composed by a mixture of relativistic species, baryonic matter, dark matter and dark energy which evolve in a non-trivial way at perturbative level. A successful description of the cosmological dynamics should include non-standard features beyond the simplistic approach idealized by the standard cosmology in which cosmic components do not interact, are adiabatic and dissipationless. We promote a full perturbative analysis of linear scalar perturbations of a cosmological model containing baryons, dark matter and a scalar field allowing for the presence of relative entropic perturbations between the three fluids. We show that tiny departures from a constant scalar field equation of state wS = −1 damage structure formation in a non-acceptable manner. Hence, by strongly constraining wS our results provide compelling evidence in favor of the standard cosmological model and rule out a large class of dynamical dark energy models. PACS numbers: 95.36.+x, 04.25.Nx: 
Introduction -The dynamics of matter fluctuations in the expanding Universe is the key element in theories of cosmic structure formation. According to the cosmological standard model a matter-dominated phase of sufficient duration is required to account for the growth of initially small inhomogeneities in the early Universe into the currently observed highly nonlinear matter agglomerations. Indeed, the electromagnetically observed matter distribution in galaxy catalogues describes the distribution of baryonic matter. The growth rate of baryonic matter perturbations depends on the composition of the cosmic substratum. For successful structure formation it is a crucial feature that after recombination baryonic matter perturbations fall into the potential wells of dark-matter (DM) fluctuations. As soon as some form of dark energy (DE) comes to dominate the cosmic dynamics the impact of this component on the baryon fluid has to be considered. The details of this impact depend on how the unknown DE component is modeled. In standard ΛCDM cosmology the baryonic matter growth (driven by the DM overdensitites) is attenuated through the modified (due to the existence of a non-vanishing cosmological constant) homogeneous and isotropic background dynamics. By definition, Λ is a constant, i.e., it behaves dynamically as a homogeneous fluid. The situation is different in dynamical DE models. Here, inhomogeneities appear quite naturally and such kind of DE is intrinsically fluctuating. The problem then is, how much potential DE inhomogeneities contribute to the total energy-density perturbations of the cosmic medium, equivalent to their influence on the gravitational potential, and how much the baryonic matter growth rate is influenced by the presence of DE pertur- * hermano.velten@ufop.edu.br (corresponding author) bations. Since different DE models predict a different influence on the perturbation dynamics, in particular also a different influence on the growth rate of baryonic matter fluctuations, observational growth data may be used to discriminate between competing dark-energy models.
In this letter we model the cosmic medium as a mixture of three separately conserved perfect fluids, one of them being pressureless baryonic matter. The remaining two components represent different fluid configurations of the cosmological dark sector. The first one describes a generic component with vanishing sound speed, the second one a general fluid component with a sound speed equal to the speed of light. For our specific analysis the first dark-sector component behaves in the background as a fluid with constant equation of state EoS parameter, the second one is the fluid representation of a scalar field (SF) (quintessence or phantom) in CPL parametrization [1] . This choice is sufficiently flexible to investigate deviations from the standard model in different directions. A three-fluid model is generally equipped with three fourvelocities which, in the general case, differ from each other at the perturbative level, although in the homogeneous and isotropic standard-model background they are assumed to coincide. With the help of the combined energy-momentum conservation equations for the components we clarify under which conditions these differences are (ir)relevant. In particular, we take into account nonadiabatic pressure perturbations on subhorizon scales in an explicit way. Such perturbations are a characteristic (and essential) feature of multi-fluid cosmology, even for the case that each of the components is adiabatic by itself. As a consequence, the baryonic growth rate depends on relative energy-density perturbations ("entropy" perturbations). In this letter we explore the dependence of the growth rate on both the adiabatic and non-adiabatic pressure perturbations. The entire linear arXiv:1911.12084v1 [astro-ph.CO] 27 Nov 2019 (subhorizon) perturbation dynamics will be described by a coupled system of equations for the total energy-density perturbations (equivalent to a second-order equation for the gravitational potential) and two first-order equations for two relative perturbation variables. On this basis we shall check to what extent the observed f σ 8 data tolerate small deviations from the standard ΛCDM model. While the interplay between adiabatic and non-adiabatic perturbations on superhorizon scales is well understood [2, 3] , its role for late-time structure formation on scales well within the horizon does not seem to have adequately studied so far.
Modeling the system -The cosmic medium is modeled as a perfect fluid with the energy-momentum tensor
Here, ρ = T ik u i u k is the total energy density and p = 1 3 T ik h ik is the total pressure with h ik = g ik + u i u k . The four-velocity u i of the cosmic medium is normalized to u i u i = −1. The expansion scalar Θ ≡ u a ;a is determined by the Raychaudhuri equation which, in the absence of shear and rotation, reduces tȯ
withu a = u a ;n u n being the fluid acceleration. The total energy-momentum tensor in (1) is split into a DM component (subindex D), a SF component (subindex S) and a baryonic component (subindex B), i.e., T ik = T ik D + T ik S + T ik B . Each of these components is supposed to have a separately conserved perfect-fluid structure as well, i.e., T ik M ;k = 0 with M = D, S, B. In general, the four-velocities u i M of the components are different from each other and from the total four-velocity u i . DM is characterized by an EoS parameter w D ≡ p D /ρ D where w D is a constant. For the SF we use an effective fluid description with an effective EoS parameter w S ≡ p S /ρ S which is supposed to cover both quintessence and phantom configurations. Finally, the baryons are modeled as pressureless fluid with an EoS p B = 0.
In the spatially homogeneous and isotropic background all four-velocities are assumed to coincide: u a M = u a . Under this condition the energy-conservation equation for the DM can be integrated
where a is the scale factor of the Robertson-Walker metric with its present value a 0 normalized to a 0 = 1. For the fluid representation of the scalar field we use the CPL parametrization w S = w 0 + w 1 (1 − a) with the help of which the energy-conservation equation can be solved explicitly:
Indeed it is always possible to find a scalar field potential which reproduces a given cosmological expansion [4] . For the baryons we have p B = 0 and ρ B = ρ B0 a −3 . With the explicitly known energy densities of the components the Hubble rate is determined by Friedmann's equation
Cosmological perturbations -Scalar metric perturbations are described by the line element (in the longitudinal gauge)
The perturbed time components of the four-velocities are (first-order fluid quantities will be denoted by a hat sym-
Our restriction to scalar perturbations implies that the spatial components of the four velocity are gradients of a scalar: u α = v ,α . Likewise, the scalar parts of the spatial components of the components four-velocities are introduced
with similar expressions for the other components. Here, k is the comoving wave number. At linear order the components of the energy-momentum tensors simply add which also establishes a relation between the perturbations of the four-velocities. The comoving first-order fractional energy-density perturbation δ c ≡ρ c ρ , where δ c ≡ δ +ρ ρ v and δ ≡ρ ρ , obeys the second-order equation
wherep c ≡p +ṗv denotes the comoving total pressure perturbations. The symbol prime " " means a derivative with respect to the scale factor. Non-vanishing pressure perturbations are a characteristic feature of dynamical dark energy. In the standard ΛCDM model there are no pressure perturbations. Equation (7) is the result of the energy-momentum conservation equations combined with the Raychaudhuri equation. The gauge-invariant quantities (superscript c) are defined with respect to the total four-velocity of the cosmic medium. Since there is no EoS of the type p = p(ρ) for the medium as a whole, there appears a coupling to the dynamics of the components via the (gauge-invariant) comoving pressure perturbationp c . If there were a relation p = p(ρ), Eq. (7) would be a closed equation for δ c . The absence of such relation is equivalent to the existence of non-adiabatic perturbations. Notice that it is this quantity δ c which appears in the Poisson-type equation for the gravitational potential,
Since we assumed a perfect-fluid structure of the medium, there are no anisotropic stresses and ψ = φ.
Introducing non-adiabatic perturbations -If the total medium were adiabatic, the pressure perturbations would be given byp =ṗρρ. The differencep −ṗρρ characterizes deviations from adiabaticity. The total nonadiabatic pressure perturbation can be written in terms of the contributions of the components. The (gaugeinvariant) non-adiabatic parts of the component arê
It is convenient to define the (gauge-invariant) relative perturbations
and
With the help of the fractional quantities
where
(13) The quantities U and V are combinations of background quantities:
respectively. Further we have w = p ρ = w D Ω D + w S Ω S and
The prime denotes a derivative with respect to the scale factor a. Through relation (12) the dynamics of δ c in (7) is coupled to the relative perturbations S BS and S BD . We consider δ c , S BS and S BD to be the basic variables of our perturbation analysis. Our aim will be to establish a closed system of equations for these variables. So far, the perturbation dynamics (neglecting temporarily our background specifications) is valid for any three-fluid system with one of the components being pressureless. A concrete model is obtained by specifying the pressure perturbations of the components. This has to be done in the rest frames of the components, which, in general, do not coincide with each other and also not with the global rest frame. The individual comoving pressure perturbations arep
S ≡p S +ṗ S v S for the SF. The corresponding rest-frame energy densities areρ
for the DM andρ
for the SF. Generally, the energy-densities of the components in their own rest-frame do not coincide with the energy-densities of these components measured in the rest frame of the cosmic fluid as a whole. Obviously, information about the velocity differences is required. Dark-sector pressure perturbations -Any phenomenological description of fluid perturbations needs information about the sound speed of the medium. On physical grounds the sound speed lies between zero and one. To specify the model we firstly assume the DM to be pressureless, i.e.,p c D D = 0. The DM pressure perturbation in its own rest frame is zero. This corresponds to a vanishing effective sound speed of this component. It follows that
Secondly, for the SF we assumep
The SF pressure perturbation in the SF rest frame equals the SF energy-density perturbation in this frame. This represents the opposite case to that of the DM. Here the effective sound speed is equal to 1. Our DM-SF model is fully specified by the pressure perturbations P Dnad and P Snad together with the background equations of state w D and w S . The requirementp c D D = 0 implies that the velocity potentials v B and v D can be identified. To determine P Dnad and P Snad we have to know the energydensity perturbations in the rest frames of the components in terms of δ c , S BD and S BS . Use of the conservation equations reveals for the difference of the velocity potentials v D − v S ∝ a 2 H 2 k 2 . For perturbations well below the horizon scale k 2 a 2 H 2 1 is valid. Under this condition all relations simplify considerably. The velocitydifference terms become negligible. On these scales it is no longer necessary to discriminate between the different rest frames. For scales of interest here which are still linear until today and at the same time big enough to represent typical large scale structures say, of the order of k ≈ 0.1hMpc −1 , the present value of the factor k 2 /a 2 H 2 is (restoring the units appropriately) k 2 c 2 /H 2 0 ≈ 1.8·10 5 . Under these conditions a closed system for S BD , S BS and δ c can be derived. For S BD and S BS we have
respectively. Equations (21) and (22) are first-order equations for S BD and S BS , respectively, in which δ c and S BS (or S BD , respectively) appear as inhomogeneities. The total comoving pressure perturbation reduces tô
with
With the pressure perturbation (23) in terms of δ c , S BD and S BS , equation (7) for δ c becomes explicitly 
It is this quantity which through the solution of the coupled system (21), (22) and (25) for δ c , S BD and S BS determines the growth rate of baryonic matter perturbations. The results presented below are obtained from the numerical solution of this set of equations.
Results -We run Eqs. (21), (22) and (25) with initial conditions for density fluctuation as given by the CAMB code [5] in a standard PLANCK values cosmology at a high redshifts. This implies to assume that the initial perturbations are almost adiabatic, i.e., S BD ≈ 0 and S BS ≈ 0. The mere multi-fluid structure of the medium requires that there is always a small, non-vanishing admixture of non-adiabaticity. Numerically, we found no difference between the runs for S BD and S BS very small and zero exactly. Our figures are obtained with purely adiabatic initial conditions. While on superhorizon scales purely adiabatic modes cannot give rise to entropy perturbations [2] , our present subhorizon dynamics is different.
In order to provide a measurable quantity to test the evolution of matter perturbations calculated from Eq. (26) we compute the growth rate f (a) = d lnδ B /d lna together with the variance of the matter density distribution smoothed on spheres of radius 8h −1 Mpc, σ 8 (a) = σ 80 δ B (a)/δ B (a = 1). We have consistently checked that δ B indeed follows the evolution of the total matter (baryons + DM) overdensity δ m as in the standard cosmological scenario. A recent reliable data compilation of the product f σ 8 (a) -a bias-free cosmological observable -is found in [6] and is shown in Fig.1 . The blue region is obtained from Eq. (26) after solving the set (21), (22) and (25). Its boundaries denote the limits for deviations of the order of ±10 −3 (for both w 0 and w 1 ) from w S = −1. The predictions for a wCDM standard cosmology are represented by the red stripe (Ω m0 and w 0 = −1.03 ± 0.03 [7] ). In green we also include the Planck 2018 results for a CPLCDM model in which DE perturbations are neglected. The same Ω m0 value was used for all the models.
It is obvious from the Planck 2018 CPLCDM results (green region in Fig. 1 ) that upon neglecting DE perturbations variations in w S up to the order of 10 −1 seem to be permitted. This is no longer the case, however, if DE perturbations are taken into account. Tiny deviations of the order of ±10 −3 from the cosmological constant behavior w S = −1 lead to unacceptably large consequences for (23) to the total pressure perturbation. Stripes have been obtained with the same parameter value range as in the blue region of Fig. 1 . The total pressure perturbation is given by the black stripe which is the sum of the adiabatic contribution (green) and the non-adiabatic contribution due to SBS (red).
The SBD contribution (orange) vanishes. All contributions vanish asymptotically at high redshifts.
the growth rate. This is the main result of the present work, equivalent to a strong support for the standard ΛCDM model. The necessary accuracy in measuring w S demands a much larger Figure of Merit in comparison to what current cosmological surveys can reach. The individual contributions of the quantities δ c , S BD and S BS to the total pressure perturbation are shown in Fig.  2 using the same parameter value range as in the blue region of Fig. 1 . The black stripe corresponds to the total pressure perturbation i.e., the sum of the adiabatic (green) and the non-adiabatic terms S BD (orange) and S BS (red). Since baryons and DM have been considered pressureless, S BD vanishes. It is worth noting that the pressure perturbations become relevant well before the onset of DE dominance. The obtained limits on w S are a consequence of properly considering both adiabatic and non-adiabatic pressure perturbations. This demonstrates the importance of taking into account relative perturbations in a theory of cosmic structure formation, even though DE perturbations δ S are (almost) negligible. Indeed, while S BS turns out to be a growing function of the scale factor for z 1, the DE perturbations δ S remain always small since, from (11), δ S ∼ (1 + w S ) 10 −3 . This is consistent with the well-known result that DE perturbations in dynamical quintessence models remain small for an effective sound speed of the order of 1 [8] .
Via the derivative of the energy-density perturbations in f σ 8 (z) these pressure perturbations directly influence the matter growth as shown in Fig. 1 . Our analysis reveals that potential pressure perturbations due to dynamical DE leave an imprint on structure formation which seems to be incompatible with current growth-rate data.
Summary -We established the set of equations (21), (22) and (25) to study the impact of adiabatic and non-adiabatic pressure perturbations on matter clustering. We clarified the crucial role of relative perturbations in the cosmic multi-fluid system. Quantifying the consequences of potential pressure perturbations for the matter growth rate allowed us to strongly constrain the DE-EoS. An acceptable matter growth rate is achieved only for |1 + w S | 10 −4 . In practice this rules out quintessence type dynamical DE models with w S = −1.
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